Abstract. Multi-stage fracturing of horizontal well is crucial for economic production of shale gas. The distribution of porosity and permeability in shale formation are not clearly understood. In this paper, the inhomogeneous distribution models of porosity and permeability are proposed which can be applied in the whole simulated reservoir volume as well as all four flow regimes. Considering the nonlinear pressure-dependent effects of slip, diffusion and desorption, the unified mathematical model is established. Also, a new and general semi-analytic approach is developed to simulate the unsteady nonlinear seepage process. The numerical simulation results match well with the field data in reference.
Introduction
Unlike conventional reservoir, shale gas reservoir has ultra-low permeability of 10 -12~1 0 -6 µm 2 and nanopores in the range of 4~200nm. Gas seepage in shale is a complex multi-scale transport process which including desorption mechanism, diffusion mechanism, slip flow and Darcy flow. Many studies have been proposed for describing and modeling the multi-scale structures and nonlinear percolation in shale gas reservoir. Javadpour et al. [1] derived an apparent gas permeability model with considering both Knudsen diffusion and slippage effect. Shabro et al. [2] introduced a new surface mass balance law to model transient desorption and considered the Knudsen diffusion and Langmuir desorption. Shi et al. [3] proposed a diffusion-slippage-flow model combined with the gas transport mechanism, and investigated the pore size distribution in shale matrix pores. Brown et al. [4] divided the drainage area into three linear flow zones and assumed the simulated reservoir volume to be a dual-porosity medium to simulate the dynamic pressure behavior. Suliman et al. [5] simulated the complex multi-stage fracturing of horizontal well considering the irregular fracture geometry and multi-phase flow aspects. Although the methods on the basis of micro-seismic monitoring can estimate accurately the simulated reservoir volume, the permeability of the whole formation is difficult to obtain. Gerami [6] introduced the definition of pseudo-pressure and pseudo-time and modified the total gas compressibility to convert the continuity equation into the linearized diffusivity equation. Guo et al. [7] used the source function method and Laplace transform to solve the mathematical model. The wellbore storage effect can be easily incorporated by convolution through presenting the solution in the Laplace domain.
The key of this work is to propose the continuous inhomogeneous distribution model of porosity and permeability for the whole shale gas reservoir. The advantage of the proposed model is to avoid the partition of the simulated reservoir volume which may be difficult to determine the continuous boundary conditions of various zones. Moreover, the multistage-fractured continuum mathematical model is established and the semi-analytic numeric method is developed which can transform the partial difference equation into the integral equation. The multi-scale nonlinear effect, such as, diffusion and slippage, and desorption on the cumulative gas production are investigated. The numerical simulation results match well with the field data of fractured horizontal wells in references [8] .
Mathematical Modeling for Shale Gas Reservoirs
In the current seepage model, the porosity and permeability are considered to be different constants in hydraulic fracture (φ F , K F ), micro-fracture (φ c , K c ) and matrix (φ m , K m ) zones, respectively. In fact, the porosity and permeability have different values in various positions. To overcome the limitation of partition and characterize the inhomogeneity of porosity and permeability in the whole fractured and matrix area, the continuous inhomogeneous distribution model of porosity and permeability are proposed to simulate the shale gas transport medium. Gas flow in shale reservoir including three processes: (1) desorption from shale matrix surface; (2) diffusion from micro-pore and shale matrix; (3) flow in fracture system with Darcy seepage. The general mathematical model is established which considering the nonlinear effects of slip, diffusion and desorption.
The Inhomogeneous Porosity Distribution Model of Fractured Horizontal Shale Well
For multistage fracturing horizontal well of shale gas reservoir, the hydraulic fractures are periodically arranged and there are large numbers of micro-fractures around hydraulic fractures. With distance from the hydraulic fracture increasing, the densities of micro-fractures decrease.
The distribution of porosity φ should be satisfied with the conditions that
where r w is the radius of the wellbore and r c is the half-length of the hydraulic fracture. φ F , φ c and φ m are the porosity of hydraulic fracture, micro-fracture and matrix, respectively. L is the half-distance between two adjacent hydraulic fractures. ε is half-width of perforation.
On the basis of above analysis, the porosity φ can be expressed as a continuous inhomogeneous distribution function of space coordinates as
where z is the direction parallel to the wellbore and r is the direction perpendicular to the wellbore. The parameters n=5 and β=10~25. The constants a, b, c and χ can be determined from conditions in Eq. (3) as
where (z 0) 1 exp( ) exp( 4 ) exp ( 9 ) 1 f β β β 2 reveal the curves of porosity distribution along the space coordinates (r, z) for the case of (a) β=25, (b) β=15 and (c) β=10, respectively. It is observed that parameter β is related to the range of the porosity distribution along z direction. The area of porosity distribution extends with β decreasing. Taking β=25 implies that the median surface of two adjacent hydraulic fractures has not been fractured completely. If take β=10, there are strong interference effect between two adjacent hydraulic fractures.
A Unified Inhomogeneous Nonlinear Permeability Model Considering the Effects of Slip and Diffusion
Gas flow in ultra-low permeability shale gas reservoirs undergoes a transition from a Darcy regime to other regimes where molecular collisions with the pore walls have a significant effect on transport. Beskok and Karniadakis equation shows the expression between flow velocities and pressure gradient which suitable for all flow regimes including continuum (no-slip), slip, transition and even free-molecular flow [9] : 
where Knudsen number Kn is given by Kn=3πµD k /8rp [10] . µ is the viscidity of gas. D k is Knudsen diffusivity. r is the radius of the area open to flow. p is the pressure. α is the rarefication coefficient. b is the slip coefficient. The intrinsic permeability K 0 describe the inhomogeneous distribution of hydraulic fractures, micro-fractures and matrix area in the shale gas reservoir, and can be expressed as the function of space coordinate as
For the actual fractured horizontal well in shale gas reservoirs, the intrinsic permeability K 0 has different value in various area of shale gas reservoir. There are the maximum value K F (10 2~1 0 3 md) in the hydraulic-fractured area near the wellbore, the minimum value K m (10 -6~1 0 -3 md) in the matrix area, and in the transition zone between the macro-fracture and the matrix, K 0 decreases along the radial direction and approach to K c (1~10 2 md). The intrinsic permeability K 0 in the whole simulated reservoir volume should satisfy with the conditions that
, and
where K F , K c and K m are the permeability of hydraulic fracture, micro-fracture and matrix areas.
We construct the expression of the shale intrinsic permeability as
where parameter m=5. f(z) can be obtained from Eq. (5). The parameters A and B can be calculated from the conditions (11) as 3 show the curves of permeability distribution along the space coordinates (r, z) for the case of (a) β=25, (b) β=15 and (c) β=10, respectively. It is can be seen that the area of permeability distribution extends along z direction as β decreases. When take β=10, there are micro-fractures in the area between two adjacent hydraulic fractures and the permeability of these fractures increases with the smaller value of β. If take parameter β to be 25, the area between two adjacent hydraulic fractures is matrix which means this area have not been fractured.
General Mathematical Modeling for Fractured Horizontal Well in Shale Gas Reservoir
Taking into account the loss of gas mass by adsorption of porous media, the continuity equation and the gas state equation can be respectively given as
where φ is the porosity of porous media and can be obtained from Eq. (4)- (5). t is the time, ρ g is the density of real gas. Z denotes the compressibility factor. T is the real gas temperature. The known constants ρ gsc , T sc , Z sc and p sc are the gas density, temperature, compressibility factor and pressure of gas at the standard state, respectively. p is the pressure Gas mass by adsorption per unit bulk volume of porous media q ads can be obtained as
where V L is the Langmuir volume and p L is the Langmuir pressure. For convenience, the generalized pseudopressure function and the mass source function are defined as
By substituting Eq. (7), (12), (15) and (16) To examine the effect of diffusion coefficient on production performance, Fig. 4(a) gives the production curves for diffusion coefficients D k =2×10 -7 m/s, 4×10 -7 m/s, 6×10 -7 m/s and 8×10 -7 m/s. The smaller diffusion coefficient implies that it is harder for shale gas diffuse from matrix into the micro-fractured zone and the gas production needs a very long time to compensate the pressure drop. As seen in Fig. 4(b) , slippage coefficients have great influence on gas production rate. After 25 years production, the relative difference of cumulative gas yield between the case b=1 and b=-2 approaches around 11.6% which is in evidence that the slippage coefficient is sensitive for the gas production. Figure 5 . The effect of desorption on the cumulative gas production rate.
It can be seen from Fig. 5 that the effect of gas desorption on cumulative gas production appears weak during first year of production, while the gas desorbed from shale matrix becomes important resource during late period of production. For example, after 25 years production, the contribution of desorption gas reaches 18.5% of the total cumulative gas production. 6 reveals that the proposed unified mathematical model considering the effect of slippage, diffusion and desorption achieves good matching result Marcellus Shale [8] . In the early period, results are not identical with the matching curve. This indicates the complexity of fracture development. In the later period, the matching curve matches with the field test data.
Summary
The modeling and simulation of gas transport in shale is the key to evaluate and predict well performance of shale gas reservoirs. The inhomogeneous distribution of porosity and permeability in the whole simulated reservoir volume are considered and the nonlinear effects, such as slip, diffusion and desorption on cumulative gas production rate are investigate. The smaller diffusion coefficient corresponds to the lower gas production which implies that it is harder for shale gas diffuse from matrix into the micro-fractured zone. After 25 years production, the relative difference of cumulative gas yield between the case b=-2 and b=1 approaches around 11.6% and the contribution of desorption gas on cumulative production performance is around 18.5%.
